Introduction
Even though the term biosolids, as it is understood now, only appeared at the end of 20th century, the concept of human waste application to agricultural lands has been known for thousands of years [1] . Agricultural land application is considered a viable way to recycle municipal biosolids. Biosolids are valued as a soil conditioner [1] and as a source of macro-and micronutrients and organic matter necessary for healthy crops [2, 3] .
Even though municipalities, farmers, and the general public may benefit from the use of biosolids on agricultural lands, there are some environmental concerns related to this practice. One of these concerns is the relatively high level of total phosphorus in biosolids and its potential migration to surface-and groundwater from biosolids-amended lands [4] as its overabundance in surface water can lead to eutrophication [5] . Many wastewater treatment plants (WWTPs) use alum or FeCl 3 in tertiary treatment to precipitate phosphorus, which becomes part of the biosolids material. Further, stabilization of raw sewage or biosolids by alkaline stabilization may result in some phosphorus precipitation as Ca 3 (PO 4 ) 2 . As a result the phosphorus may be in forms that are not biologically available, or in forms that retard migration from point of application [6] . Therefore, total phosphorus in biosolids may not be relevant in considering the risk posed by phosphorus loss from fields to aquatic systems. Rather, to properly assess potential risk of biosolids-derived phosphorus to receiving waters, it may be more important to consider the various fractions of phosphorus in biosolids and their behaviour in soil (e.g., migration and transformation).
Generally, phosphorus has the potential of being transported to aquatic systems through three major pathways: surface runoff and erosion, subsurface flow, and tile drainage [4, 7] . To a smaller extent, it can also be transported by wind erosion and deposition [8] . Runoff and erosion are important pathways of soil phosphorus loss [9, 10] , and the majority of studies on phosphorus loss from agricultural land are devoted to losses through runoff and erosion [11] [12] [13] [14] [15] [16] . Application of municipal biosolids, specifically, can increase total phosphorus (TP) in runoff from soil in laboratory mesocosms [17] , although loss of P in runoff in agricultural soils may be dependent on the stabilization method used to produce the biosolids [18] [19] [20] . These losses represent only horizontal migration of phosphorus through surface runoff, while vertical migration of phosphorus through the soil layers can also contribute to the phosphorus escape from agricultural lands [21] . It is especially significant in areas with little slope, areas with shallow groundwater, dry areas, or less weathered soils and organic soils that have a low phosphorussorbing capacity [22, 23] . Vertical migration represents a potential route for phosphorus loss in agricultural areas, yet few studies have considered vertical phosphorus migration, and none were found to have considered vertical migration and evolution of the various phosphorus fractions relevant to biosolids-amended soils.
The purpose of this study was to determine, in a laboratory setting, how land application of biosolids might affect various phosphorus fractions in soil, time-related transformations among fractions, and vertical loss of phosphorus to leachate.
Material and Methods

Experimental Setup.
In order to study vertical P migration, a series of soil columns were constructed in the laboratory [24] . Laboratory soil columns consisted of a series of eight plastic columns (7 cm diameter, 60 cm height). These columns had rubber end-caps, and a plastic funnel (7 cm outer diameter) was inserted into each column with the stem of the funnel protruding through a hole in the end-cap. The bottom 10 cm of the column (immediately above the funnel) was filled with river gravel to improve the drainage of the leachate percolating through the soil and to prevent soil from escaping through the funnel. Above the gravel, each column was filled with 40 cm of sandy loam soil. The soil had a bulk density of 1.4 with 3% organic matter and a pH of 6.5 and has a good water drainage. It is commercially available from "Circle Farms" in Brantford Ontario and it was selected as it is a good representative for the farm soils in southern Ontario. The four randomly selected columns were amended with 3.65 g of anaerobically digested biosolids (dry weight), equivalent to a rate of 8 Mg (dry weight) ha −1 . This was achieved by adding 260 mL of biosolids at 1.4% dry matter on top of the soil in each column selected for biosolids application and incorporated into the top 5 cm. Reference columns were watered with the same volume of distilled water (260 mL). The biosolids used in the current research were produced at a Southern Ontario wastewater treatment plant. The sewage treatment process at this plant utilizes a conventional secondary activated sludge process with chemical phosphorus removal and anaerobic sludge digestion. Secondary treatment involves phosphorus removal via precipitation with iron (in form of ferric chloride) followed by the addition of sodium hypochlorite as a disinfectant to the treated water. Consequently, precipitated FePO 3 becomes a constituent of the activated sludge and ultimately the biosolids. Anaerobic digestion of the sludge occurs in airtight reactors over a twoweek period. Biosolids produced at this wastewater treatment plant are either used on agricultural land or dewatered and landfilled. In Ontario, 8 Mg of biosolids (dry weight) per ha of land per 5 years is the common application rate [25] and was used in other similar studies [26] .
2.2.
Sampling. An initial set of soil samples (before biosolids application) was collected for analysis of phosphorus fractions, including the Olsen sodium bicarbonate extractable phosphorus. Subsequent sample collections were performed with decreasing periodicity: two weeks, one month, two months, three months, and five months after biosolids application. The duration of the experiment approximated a growing season for southern Ontario. At each sampling period, approximately 2 g of soil samples was collected from two different depths within the soil columns (3 cm from the top and 35 cm from the top). Due to the 1.4 bulk density of the soil, each soil sample had a volume of approximately 3 cm 3 . The samples were collected by drilling holes in the plastic columns, extracting one soil aliquot per each column, at each of the two depths, and subsequently sealing the holes with silicone glue. Water (approximately 200 mL per column) was added to columns on a weekly basis. Leachate samples were collected with decreasing periodicity: 1 day, 2 weeks, 1.5 months, 2 months, 3 months, and 5 months after biosolids application. All sampling events happened next day after water was added to the columns [24] .
Chemical Analysis.
Biosolids, nonamended soils, and biosolids-amended soils were analyzed (reagents and concentrations are indicated after each of the forms) for various inorganic (water-soluble, distilled water; loosely bound, 1 M NH 4 Cl; metal-bound, 1 M NaOH; and calcium-bound, 0.5 M HCl) and organic (labile, 0.5 M NaHCO 3 ; moderately labile, 1 M HCl; and nonlabile, ash at 555 ∘ C) phosphorus forms using the sequential fractionation procedure. For the watersoluble phosphorus, 0.5 g of soil sample (dry weight) was placed into a 50 mL Nalgene centrifuge tube and 25 mL of distilled water was added. The supernatant was separated from the solid residue by centrifugation, filtered through a 0.22 m filter (paper filter), and analyzed colorimetrically using the ascorbic acid, molybdate method. The residual soil was kept for the next fractionations step, where persulfate digestion for nonlabile phosphorus was replaced by strong acid digestion [27] . The leachate from the columns was analyzed for soluble reactive phosphorus (SRP) according to the procedure described by Kovar and Pierzynski [27] which is an adaptation of the classical ascorbic acid method [28] . In addition, the Olsen phosphorus soil test was determined using 0.5 M NaHCO 3 according to the standard procedure [27] .
Modeling P Concentrations.
Based on the results of initial soil and biosolids phosphorus analysis, a simple model was created to predict soil phosphorus increases after biosolids application. The expected phosphorus concentrations ( ) were calculated for each form of phosphorus based upon the initial concentration of each form in the soil ( 1 ), the concentration of each form in the biosolids ( ), the total mass of soil ( ), and the quantity of biosolids added ( ) as follows.
Statistical Analysis.
A generalized linear mixed model (GLMM) was used to compare the quantities of various forms of phosphorus in biosolids-amended soil versus reference soil, in surface soil versus bottom soil, and over time. Moreover, a GLMM can model response data with non-Gaussian distributions (e.g., exponential, lognormal) and can model a diversity of residuals correlation structures related to the longitudinal variable (e.g., Gaussian, compound symmetry, linear, power, and exponential). General linear mixed model ANOVAs (PROC GLIMMIX, SAS 9.4, SAS Institute, Cary, NC, USA) were used to detect the primary effects of biosolids application and location, as well as the interaction between these factors and time, to determine if concentrations of various forms of P followed different trajectories in response to treatment (biosolids versus reference) or location (top versus bottom). Such models can be used to fit longitudinal models for data, regardless of whether the response is linear with respect to the longitudinal variable (here, time). GLIMMIX models were run iteratively, with different combinations of specified covariance structure and response variable distributions. The final models were selected on the basis of fit (based upon Akaike Information Criterion (AIC)) and residuals distribution.
Results and Discussion
The results of the initial soil phosphorus analysis (Figure 1(a) ) revealed that the total phosphorus concentration was 0.226 mg/g of soil. This value is in range with other agriculture soils (0.050 mg/g and up to 1.000 mg/g) [29, 30] . Potentially readily available phosphorus fractions represented by inorganic water-soluble and organic labile fractions were below the detection limit (BDL) of the method which is 0.005 mg/g. This may indicate a significant sorption capacity of the soil, although this was not explicitly measured. Inorganic loosely bound (0.055 mg/g of soil) and organic moderately labile fractions (0.022 mg/g of soil), however, represent the major part of the bioavailable fractions. They constituted more than 31% of the total phosphorus concentration in initial soil. This pool of moderately available phosphorus is almost double compared to other studies [31] , reinforcing the idea that phosphorus sorption capacity is high for this soil. Relatively unavailable phosphorus fractions, such as inorganic calcium-bound (0.019 mg/g of soil) and organic nonlabile (0.049 mg/g of soil) fractions, were also minor. Their cumulative contribution to the total phosphorus concentration in initial soil was approximately 13%. The other 43% of the initial total phosphorus concentration in the soil was represented by the metal-bound phosphorus fraction (0.115 mg/g of soil), a fraction that is not directly available for the plants but that can release bioavailable phosphorus under anoxic conditions. The Olsen phosphorus concentration (0.060 mg/g) suggested that the soil used in the experiment was relatively rich in phosphorus and would be classified as a "no response" soil [32] meaning that the soil is capable of producing high-yielding crops with little or no additional phosphorus fertilizer. However, such soil might increase the potential of phosphorus migration to surrounding water bodies [33] . Biosolids analysis (Figure 1(b) ) revealed that the total phosphorus concentration (5.617 mg/g of biosolids) in biosolids was 21 times higher than the total phosphorus concentration in initial soil. Individual phosphorus fractions were also greatly exceeding those in initial soil. This indicates that these biosolids have the potential to fertilize the initial soil. The distribution of the different phosphorus fractions contributed to the total phosphorus concentration, however, was similar to the distribution observed for soil prior to amendment. Such a distribution was unexpected as the organic fractions of phosphorus were expected to be larger (relative to total P) in the biosolids compared to the soil. An advanced level of mineralization of the biosolids may explain the relatively low organic phosphorus content. The cumulative contribution of relatively unavailable phosphorus fractions, such as inorganic calcium-bound (0.454 mg/g of biosolids) and organic nonlabile (0.550 mg/g of biosolids) fractions, was 17%. The metal-bound phosphorus fraction (2.677 mg/g of biosolids) represented the biggest phosphorus Figure 2 : Phosphorus (P) fractions in soil measured in the reference and biosolids treated soil columns: a) inorganic water-soluble P, b) inorganic loosely bound P, c) inorganic metal-bound P, d) inorganic calcium-bound P, e) organic labile P, f) organic moderately labile P, and g) organic nonlabile P. The error bars represent standard deviation among replicate samples.
pool in biosolids and contributed 47% to the total phosphorus concentration. High metal-bound phosphorus percentage in biosolids has already been reported by other studies [34, 35] . This is consistent with the wastewater treatment procedure for phosphorus removal. Readily available watersoluble (0.174 mg/g of biosolids), inorganic loosely bound (0.201 mg/g of biosolids), and organic labile (0.175 mg/g of biosolids) fractions in biosolids represented minor pools of phosphorus. Their cumulative contribution to the total phosphorus concentration was 10%. The greatest difference between biosolids and the soil in the relative contribution to the total phosphorus was found for the moderately labile organic fraction: 1.385 mg/g of biosolids (25% of total phosphorus) versus 0.022 mg/g of soil (8% of total phosphorus).
This high value of moderately labile organic fraction was expected as it is relatively common in the biosolids [35] . The results of soil samples analysis after biosolids application are illustrated in Figure 2 . When analyzing the statistical significance of changes in phosphorus fractions concentrations, the family of mixed models that consistently resulted in best fit (based on AIC and residuals distribution) were those that fitted a log normal distribution in the response variables (P pools) and that modeled a compound symmetry residuals covariance structure. All reported statistical results are based upon models of this form ( Table 1) .
As a general trend, concentrations of all P fractions varied over time (Table 1 ). The water-soluble (Figure 2(a) ) and the organic labile (Figure 2(e) ) phosphorus fractions increased Applied and Environmental Soil Science 5 over time, showing some potential for long term phosphorus remobilisation. Although these increases were statistically significant, the maximum amount by which these fractions increased remains very low at less than 0.005 mg/g of soil (Figure 2(a) ).
The loosely bound phosphorus concentrations were constant for the first two months and then increased by 50% at the three-month period (Figure 2(b) ). As the increase in loosely bound phosphorus concentrations was observed for both reference and biosolids-amended soils, it could be explained in part by a 30% decrease in the metal-bound phosphorus fraction (Figure 2(c) ) rather than by biosolids application. The metal-bound phosphorus decreased over time for both treatments in both top and bottom of the soil column. The transformation of the metal-bound phosphorus to the loosely bound phosphorus could have occurred under anoxic conditions inside of the soil columns.
Over a five-month period, the concentration of calciumbound phosphorus decreased by 35% (Figure 2(d) ). The calcium-bound fraction constitutes mainly phosphates from the composition of hydroxyapatite mineral, which makes it a relatively stable fraction [27] . The reduction over time of the calcium-bound fraction is hard to explain, and further investigation may be required. In general, the hydroxyapatite phosphorus constitutes a fraction that leads to an overestimation of phosphorus impact on ecosystems in studies where only the total phosphorus is measured. The dissolution of this form in soil is usually limited to a substantial drop in pH. The sandy loam soil used in the present study has little buffering capacity and as a consequence, accumulation of organic acids may lead to some local dissolution of the hydroxyapatite fraction. The organic moderately labile (Figure 2(f) ) and nonlabile (Figure 2(g) ) phosphorus concentrations also increased over the five-month period. No explanation for the changes in organic moderately labile and organic nonlabile phosphorus concentrations was found.
One of the main objectives of the present study was to establish in a laboratory setting if biosolids may bring a significant contribution to different phosphorus fractions in agricultural soils. Surprisingly, the chemical analysis of the pools of phosphorus fractions showed that no statistically significant difference was induced by the application of biosolids. No statistically significant difference between biosolids-amended soils and reference soils was observed for any phosphorus pool, nor did changes in phosphorus concentrations over time differ between treatments (time * treatment effect). While some forms of phosphorus did show a time-related change, this was due to chemical and biological processes in the soil and not linked to the application of biosolids. Same trends were observed in both the treated and the reference experimental columns. Therefore, it could be concluded that no measureable increase occurred in any phosphorus fraction as a result of biosolids application (Figure 2 ). Only water-soluble P differed over time between the top and bottom (time * location effect). While watersoluble P increased over time in both the top and the bottom of the soil column, the increase was greater in the top portion of the soil than in the deeper soil.
According to the model (Table 2) , an increase in almost all phosphorus fractions was expected in the top 5 cm of the soil columns immediately following biosolids application (67% increase for water-soluble, 4% increase for loosely bound phosphorus, 29% increase for metal-bound phosphorus, 27% increase for calcium-bound phosphorus, 60% increase for organic labile phosphorus, 77% increase for organic moderately labile phosphorus, and 24% increase for organic nonlabile phosphorus). However, the expected increase in most pools was near or below the nominal limit of detection for phosphorus analysis. When phosphorus enrichment to the entire column was considered, the relative increase in each fraction was smaller still, with absolute increases below the detection limit for all pools except metal-bound phosphorus. Therefore, this model predicted that application of biosolids with the moderately high total phosphorus concentration, at recommended rates in Ontario, to a fertile soil would result in no measureable increase in phosphorus pools for the integrated soil column, and only marginally discernable increases in the top 5 cm, where the material is most concentrated. The interesting aspect of land applications of biosolids is that despite their relatively large phosphorus concentrations of both bioavailable and unbioavailable forms when compared to the soil concentrations, their impact on the final concentrations in amended soils, due to limits imposed on the application rates, is rather limited. Percentage change calculations from biosolids concentrations, soil concentrations, and application rates translate to relatively small increases in the nominal concentrations of the phosphorus forms in the soil. The detection limit allows accurate measurement of ≥0.1 mg P/kg soil. The changes in concentration are below this value, so soil phosphorus remained virtually unaffected after biosolids application. The experimental design accounted for both temporal changes and potential vertical migration of the phosphorus in the soil columns. The narrow diameter of the columns was meant to avoid lateral escapes of the phosphorus, limiting the potential migration of the phosphorus fractions to the vertical direction. The data obtained from the upper layer and from a depth of 35 cm in the columns showed no difference for any phosphorus fraction between the treated and untreated soils. This suggests that the vertical transport of phosphorus remained insignificant for the duration of the experiment, regardless of the phosphorus fraction considered. As mentioned, changes in concentrations of P at the top of the column were low to statistically insignificant. The possible migration of these nutrients towards the lower region of the column did not occur in the case of this study. Soil adsorption and biological fixation are both mechanisms that could explain this lack of mobility.
The soil and biosolids used in this experiment represented a kind of worst-case scenario, that is, phosphorusrich anaerobically digested biosolids applied to soil that was also phosphorus-rich, providing conditions under which the phosphorus might be expected to migrate through the soil towards the drainage system rather than being immobilized [33] . This was not observed. Accordingly, it is unlikely that phosphorus vertical migration would be observed following application to more phosphorus-poor soils with higher adsorption capacity for phosphorus, or in soils receiving biosolids produced by further processing such as alkaline stabilization or drying which may decrease phosphorus mobility.
In order to account for the phosphorus movement in the soil columns, the laboratory-based experimental setup allowed the collection of water percolating down through the soil. These leachate samples collected from both biosolidsamended and reference soil columns were analyzed for soluble reactive phosphorus.
The concentrations of soluble reactive phosphorus in leachate samples collected from biosolids-amended soil columns were noted to be very close to the concentrations of soluble reactive phosphorus in leachate samples collected from reference soil columns (Figure 3) . No significant difference was observed between samples ( 46 = 0.31, = 0.758). The absence of a significant difference in phosphorus concentrations between leachate from biosolids-amended columns and leachate from reference columns is in accord with the lack of statistical difference between the concentrations of various forms of phosphorus in biosolids-amended columns and reference columns (Figure 2 ). Within the five months of the research, leachate from both biosolids-amended soil columns and reference soil columns demonstrated phosphorus concentrations around 0.039-0.054 mg/L. These concentrations were much smaller than the concentrations of phosphorus measured in runoff from biosolids-amended soils [17, 20, 29, [36] [37] [38] . but still exceeded concentrations suggested as optimal for limiting eutrophication potential (below 0.025 mg/L in streams and 0.01 mg/L in lakes) [39] . Horizontal migration of P in runoff and erosion soon after land application would seem to be a much more important route of potential loading to surface water than vertical transport and groundwater transfers.
Conclusions
The results of the soil analysis revealed that concentrations of several phosphorus fractions changed significantly over time. The water-soluble, the organic labile phosphorus, and the loosely bound phosphorus concentrations increased during the five months of the experiment. However, this increase was observed for both reference and biosolids-amended soils and can be linked to a decrease in the metal-bound phosphorus fraction which could have occurred under anoxic conditions inside of the soil columns.
No statistically significant difference between biosolidsamended soils and reference soils was observed for any phosphorus pool, nor did changes in phosphorus concentrations over time differ between treatments (time * treatment effect). Therefore, it can be concluded that no measureable increase occurred in any phosphorus fraction as a result of biosolids application. Thus, phosphorus from the biosolids-amended surface does not measurably migrate through the soil profile towards underground tile drainage systems under the conditions simulated within the current research. This was confirmed by the lack of significant difference between concentrations of soluble reactive phosphorus in the leachate from various columns.
The current study provided laboratory-based evidence that anaerobically digested biosolids with phosphorus concentration of 5.6 mg/g of biosolids or below, when applied at the rate of 8 dry tons (dry weight) ha −1 to sandy loam soils with no or minimal slope, do not increase P leaching.
Additional Points
Core Ideas. We examined the impact of biosolids on soil phosphorus fractions in vertical profiles. Concentrations of several phosphorus fractions changed significantly over time. Mobile phosphorus fractions increased during the five months of the experiment. No difference between biosolids-amended and reference soils was observed. In specific conditions, biosolids can be applied without risk of increased P leaching.
